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Abstract
We have measured the ratio R = Γ (KL → γ γ )/Γ (KL → π0π0π0) using the KLOE detector. From a sample of ∼ 109
φ-mesons produced at DANE, the Frascati φ-factory, we select ∼ 1.6 × 108 KL-mesons tagged by observing KS →
π+π− following the reaction e+e− → φ → KLKS . From this sample we select 27,375 KL → γ γ events and obtain
R = (2.79± 0.02stat± 0.02syst)× 10−3. Using the world average value for BR(KL→ π0π0π0), we obtain BR(KL→ γ γ )=
(5.89± 0.07± 0.08)× 10−4 where the second error is due to the uncertainty on the π0π0π0 branching fraction.
 2003 Published by Elsevier B.V. Open access under CC BY license.1. Introduction and experimental setup
The decays KS → γ γ and KL → γ γ provide in-
teresting tests [1] of chiral perturbation theory, ChPT.
The dominant contribution to the KS → γ γ decay is
O(p4) and can therefore be computed with reason-
able accuracy in ChPT. The O(p4) term vanishes for
KL → γ γ in the SU(3) limit. However, large O(p6)
contributions mediated by pseudoscalar mesons [2]
are expected for KL → γ γ with values depending on
the amount of singlet–octet mixing [3]. A precise mea-
surement of theKL→ γ γ decay rate is also of interest
in connection with the KL→µ+µ− decay. In fact the
absorptive part of the decay rate, Γ (KL→µ+µ−)abs,
is proportional to Γ (KL → γ γ ). This constrains the
dispersive part, Γ (KL → µ+µ−)dis and eventually
the possibility of determining the Vtd parameter of
the CKM matrix [1]. Measurements of Γ (KS →
γ γ )/Γ (KS → π0π0) and Γ (KL → γ γ )/Γ (KL →
π0π0π0) have been recently published by the NA48
Collaboration [4]. We describe a new measurement
of Γ (KL → γ γ )/Γ (KL → π0π0π0) obtained with
KL-mesons from φ→KSKL decays at DANE, the
Frascati φ-factory.
* Corresponding author.
E-mail address: gaia.lanfranchi@lnf.infn.it (G. Lanfranchi).
1 Permanent address.In DANE the electron and positron beams have
energyE =mφ/(2 cosθ), where θ = 12.5 mrad is half
of the beam crossing angle. φ-mesons are produced
with a cross-section of ∼ 3 µb and a momentum of
12.5 MeV/c toward the center of the rings.
The center of mass energy, W , the position of the
beam crossing point (x, y, z) and the φ momentum are
determined by measuring Bhabha scattering events.
In a typical run of integrated luminosity
∫ Ldt ∼
100 nb−1, lasting about 30 minutes, we have δW =
40 keV, δpφ = 30 keV/c, δx = 30 µm, and δy =
30 µm.
The detector consists of a large cylindrical drift
chamber, DC [6], surrounded by a lead-scintillating
fiber sampling calorimeter, EMC [7], both immersed
in a solenoidal magnetic field of 0.52 T with the
axis parallel to the beams. The DC tracking vol-
ume extends from 28.5 to 190.5 cm in radius and
is 340 cm in length. For charged particles the trans-
verse momentum resolution is δpT /pT 	 0.4% and
vertices are reconstructed with a spatial resolution
of ∼ 3 mm. The calorimeter is divided into a bar-
rel and two endcaps and covers 98% of the solid an-
gle. Photon energies and arrival times are measured
with resolutions σE/E = 0.057/√E (GeV) and σt =
54 ps/
√
E (GeV) ⊕ 50 ps, respectively. The photon
entry points are determined with an accuracy σl ∼
1 cm/
√
E (GeV) along the fibers, and ∼ 1 cm in
the transverse directions. A photon is defined as a
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by requiring that the distance along the fibers between
the cluster centroid and the impact point of the near-
est extrapolated track be greater than 3σl . Two small
calorimeters, QCAL [8], made with lead and scintillat-
ing tiles are wrapped around the low-beta quadrupoles
to complete the hermeticity.
The trigger [9] uses information from both the
calorimeter and the drift chamber. The EMC trigger
requires two local energy deposits above threshold
(E > 50 MeV in the barrel, E > 150 MeV in the end-
caps). Recognition and rejection of cosmic-ray events
is also performed at the trigger level, checking for
the presence of two energy deposits above 30 MeV
in the outermost calorimeter plane. The DC trigger is
based on the multiplicity and topology of the hits in
the drift cells. The trigger has a large time spread with
respect to the beam crossing time. It is, however, syn-
chronized with the machine radio frequency divided
by four, Tsync = 10.85 ns, with an accuracy of 50 ps.
During the period of data taking the bunch crossing pe-
riod at DANE was T = 5.43 ns. The T0 of the bunch
crossing producing an event is determined offline dur-
ing the event reconstruction.
2. Data analysis
The φ-meson decays into KSKL ∼ 34% of the
time. The production of a KL is tagged by the
observation of a KS → π+π− decay. KL → γ γ and
KL → π0π0π0 decay vertices are reconstructed along
the direction opposite to the KS in the φ rest frame
and required to be inside a given fiducial volume, FV.
We call R = Nγγ /Nπ0π0π0 the ratio of interest. The
numerators and denominators are found from:
N = Nobs −Nbgd
"trig · "tag · "FV · "sel ,
where Nobs and Nbgd are the numbers of observed
events and estimated background, "trig, "tag, "FV and
"sel are, respectively, the trigger efficiency, the tagging
efficiency, the acceptance in the fiducial volume and
the selection efficiency for the two decays. The effi-
ciencies "tag and "trig are equal at the few per mil level
and cancel in the ratio R. Background and selection
efficiencies must be separately determined.For this analysis the drift chamber is used to
measure the KS → π+π− decay and to determine
the direction of the KL, the calorimeter is used to
measure the photon energies and impact points and to
reconstruct the KL decay vertex by time of flight.
The data sample was collected during 2001 and
2002 for an integrated luminosity of ∼ 362 pb−1
corresponding to the production of ∼ 109φ. Details of
the analysis can be found in reference [10]. KL→ γ γ
events have a very clear signature, being the only
source of ∼ 250 MeV photon pairs that balance the
momentum of the observed KS . This allows the use of
very loose selection criteria. On the other hand, KL→
π0π0π0, the dominant neutral decay, is characterized
by a large multiplicity of lower-energy photons. The
final error on R is dominated by the error on the
number of KL→ γ γ events.
Before full event reconstruction, the data are passed
through a filter to reject machine background and cos-
mic ray events. As discussed later, this filter has a mod-
est impact on the events of interest for this analysis.
KS → π+π− decays are selected with the follow-
ing requirements:
• two tracks with opposite charge that form a vertex
with cylindrical coordinates rv < 4 cm, |zv| < 8
cm, and no other tracks connected to the vertex;
• KS momentum 100 MeV/c < pKS = pπ+ +
pπ− < 120 MeV in the φ rest system, and π+π−
invariant mass 490 MeV <Mπ+π− < 505 MeV.
The KS → π+π− decay provides an unbiased tag
for the KL when it decays into neutral particles and
a good measurement of the KL momentum, pKL =
pφ − pKS , where pφ is the central value of the e+e−
momentum determined with Bhabha scattering events.
The angular resolution on the KL direction is deter-
mined from KL → π+π−π0 events by measuring the
angle between pˆKL and the line joining the φ vertex
and the π+π− reconstructed vertex. The widths of the
angular distributions are δφ = 1.5◦, δθ = 1.8◦.
The position of the KL vertex for KL → γ γ and
KL → π0π0π0 decays is measured using the photon
arrival times on the EMC. Each photon defines a time-
of-flight triangle shown in Fig. 1. The three sides are
the KL decay length, LK ; the distance from the decay
vertex to the calorimeter cluster centroid, Lγ ; and
the distance from the cluster to the φ vertex, L. The
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equations to determine the unknowns LK and Lγ are:
L2 +L2K − 2LLK cosθ = L2γ ,
LK
βK
+Lγ = ctγ ,
where tγ is the photon arrival time on the EMC, βKc
is the KL velocity and θ is the angle between L andLK . Only one of the two solutions is kinematically
correct. The value of LK is obtained from the energy
weighted average, LK =∑i Ei ·LKi/
∑
i Ei , where i
is the photon index.
The accuracy of this method is checked by com-
paring in the KL → π+π−π0 decays the position of
the KL decay vertex measured both by timing with
the calorimeter and, with a much better precision, by
tracking with the drift chamber.
The resolution function, σ(LK), is determined with
KL → π0π0π0 and KL → γ γ events by the distribu-
tion of the residuals LK,i −LK , where LK is the aver-
age obtained with all the photons but the ith. We mea-
sure for the KL → π0π0π0 sample σπ0π0π0(LK) =
2.06 − (0.16 × 10−2LK) + (0.19 × 10−4L2K) (cm)
and for the KL → γ γ sample σγγ (LK) = 1.73 +
0.0033LK (cm).
The KL FV is defined in cylindrical coordinates as
30 cm < rt < 170 cm, |z| < 140 cm. The fraction of
KL-mesons decaying in the FV is (31.5± 0.1)%.
The identification of the bunch crossing that origi-
nated the event is crucial to locate the vertex in space.
An error by one bunch crossing period results in adisplacement of the KL vertex of about 33 cm and
decreases the probability of correctly associating the
photon clusters. The bunch crossing is determined by
identifying one of the two pions of the KS decay and
by measuring its track length, momentum and time of
flight. Thus an error of one (or more) crossing periods
can occur if there is an incorrect track-to-cluster asso-
ciation or the track parameters are poorly measured.
To minimize the number of events with an incorrect
bunch-crossing assignment, we perform a consistency
check of the time of flight of the pions along their
trajectory lπ measured with the DC, tDC = lπ /βπγπc
with the corresponding cluster time measured by the
calorimeter, tEMC. Requiring |tDC− tEMC|< 2 ns for at
least one pion, the probability of correctly identifying
the bunch crossing is (99.4 ± 0.1)%. This additional
cut retains 96% of the original KS → π+π− event
sample. The probability of identifying the correct
bunch crossing was measured with a sample of KL→
π+π−π0 decays where the position of the π+π−
vertex, rππ , is reconstructed by tracking in the DC
and the position of the two-photon vertex, rγ γ , by
timing with the EMC. The difference rππ − rγ γ is
used to isolate the events in which the bunch crossing
is incorrectly determined.
3. KL→ π0π0π0 selection
The KL → π0π0π0 decay has a large branching
fraction, 21%, and thus has very small background.
Given the large statistics we retain only 1 out of
10 decays. The selection of KL → π0π0π0 events
requires at least three calorimeter clusters with the
following properties
• energy larger than 20 MeV;
• distance from any other cluster larger than 40 cm;
• no association to a charged track;
• LK in the fiducial volume and |LKi − LK | <
4σ(LK).
The main sources of inefficiencies are:
(1) geometrical acceptance;
(2) cluster energy threshold;
(3) merging of clusters;
(4) accidental association to a charged track;
(5) Dalitz decay of one or more π0s.
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relative population for events with 3, 4, 5, 6, 7 and 8,
clusters without significant loss of efficiency. Monte
Carlo simulation shows that the selection efficiency is
"sel = (99.80± 0.01)%.
A comparison between data and Monte Carlo of
the relative populations and of the distribution of the
total energy, E =∑i Ei , shows that only events with
3 and 4 clusters are contaminated by background. This
is due to KL → π+π−π0 decays where one or two
charged pions produce a cluster not associated to a
track and neither track is associated to theKL vertex or
to KL → π0π0 decays, possibly in coincidence with
machine background particles (e± or γ ) that shower
in the QCAL and generate soft neutral particles.
To reduce this background, for the 3-cluster popula-
tion we further require at least two clusters in the bar-
rel with at least one of them with energy E > 50 MeV
and for the 4-cluster population at least one cluster in
the barrel with energy E > 50 MeV. The probability
to have a cluster with E > 50 MeV has been evaluated
using the 6-cluster events. The probability of having a
given number of clusters in the barrel depends only on
geometry and has been evaluated by Monte Carlo sim-
ulation. We obtain "3,E>50 MeV = (81.9± 0.1)% and
"4,E>50 MeV = (98.3 ± 0.1)%. Additionally, an event
with 3 clusters is accepted only if an additional cluster
is found in QCAL within a time window of 10 ns with
respect to the KL decay time. The probability of such
an occurrence is "QCAL = (52± 2)%.
The KL → π+π−π0 background is rejected by
imposing a veto (track veto) on the events with charged
tracks not associated to the KS decay and with the first
hit in the drift chamber at a distance of less than 30 cm
from the position of the KL vertex. The track veto also
rejects about 60% of the KL → π0π0π0 events with
Dalitz decays.
Fig. 2 shows the distribution of the total energy for
events with different numbers of clusters together with
the results of the Monte Carlo simulation. The rela-
tive fraction of events is shown in Table 1. The dif-
ference between data and Monte Carlo simulation for
events with  5 clusters is due to split clusters. The
contamination from accidental clusters originated by
machine background is negligible. The residual back-
ground contamination in events with 3 and 4 clusters
is evaluated by Monte Carlo simulation and amounts
to (18.6± 1.0)% and (7.0± 0.2)%, respectively.Table 1
Fraction of events with at least three neutral clusters connected to
the KL decay vertex
Number of clusters Data Monte Carlo
3 0.37± 0.02% 0.35± 0.04%
4 7.2± 0.1% 7.3± 0.1%
5 31.5± 0.1% 32.2± 0.2%
6 57.4± 0.1% 58.4± 0.2%
7 3.3± 0.1% 1.7± 0.1%
 8 0.1% 0.03%
A subsample of events has been processed and
analyzed without passing through the initial filter. The
fractional loss due to the filter is found to be less than
10−3. The trigger efficiency for KS → π+π−,KL →
π0π0π0 events was measured in two different ways.
A detailed description of the methods is given in
reference [9]. The first method uses only the data and
the information provided by the combined EMC+DC
trigger. In the second method the Monte Carlo is used
to evaluate the correlation between the EMC and the
DC trigger showing that the correlation factor is very
small. The results obtained with the two methods,
"trig1 = (99.88 ± 0.04)%, "trig2 = (99.90 ± 0.03)%,
are in good agreement. Since the two methods are
independent, and the results consistent, we combined
the two results.
The number of events is:
Nπ0π0π0
= N
′
3 +N ′4 +N5 +N6 +N7 +N8 +NDalitz
"downscale · "trig · "sel ,
where N ′3 and N ′4 are corrected for the background
subtraction and the additional cuts quoted before.
NDalitz, a small addition of 0.46% of the total count,
is obtained using the Monte Carlo result that 21.5% of
the Dalitz decays are included in N3+N4 events while
60% of them are rejected by the track veto. We find
Nπ0π0π0 = 9,802,200× (1± 0.0010stat± 0.0016syst).
To check the uniformity of the KL → π0π0π0
vertex reconstruction efficiency throughout the FV we
have studied the proper time distribution. From a fit to
the distribution we find τKL = 51.6 ns with a statistical
error of 0.4 ns [10], in good agreement with the value
reported in PDG [5], τKL = (51.7± 0.4) ns.
66 KLOE Collaboration / Physics Letters B 566 (2003) 61–69Fig. 2. KL → π0π0π0 selection: distribution of the total energy for events with 3, 4, 5, 6, 7 and  8 clusters. Dots are data, shaded histogram
is Monte Carlo simulation for KL → all channels. Data and Monte Carlo histograms are normalized to the same number of entries.4. KL→ γ γ selection
KL → γ γ events are preselected by requiring
at least two calorimeter clusters with energy Eγ >
100 MeV not associated to tracks. For the two most
energetic clusters we require:• total energy, E12 =Eγ 1 +Eγ 2 > 350 MeV;
• angle between the photon momenta projected onto
the plane normal to the KL direction, ψ > 150◦;
• time difference smaller than 15 ns;
• KL decay vertex in the fiducial volume and
+LK = |LK1 −LK2|< 4σγγ (LK).
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Efficiency of the KL→ γ γ preselection
Preselection Efficiency
Eγ > 100 MeV (92.6± 0.1stat)%
E12 > 350 MeV (99.88± 0.02stat)%
ψ > 150◦ (98.4± 0.1stat ± 0.4syst)%
+LK < 4σ (98.5± 0.1stat ± 0.2syst)%
+t < 15 ns (99.89± 0.02stat)%
Total (89.5± 0.2stat ± 0.4syst)%
The geometrical acceptance and the selection effi-
ciency are evaluated by Monte Carlo simulation. The
values of the efficiency are shown in Table 2. With
these cuts we obtain 1.7 × 105 events with a large
background due to KL → π0π0π0 and KL → π0π0
decays, KL→ γ γ γ being negligible [11].
The signal is further selected using the two body
KL → γ γ decay kinematics. In fact, photon energies
can be computed with better accuracy from cluster
and decay vertex coordinates. The laboratory energy
is obtained by boosting from the center of mass where
Eγ =MK/2 to the laboratory. If pˆγ i are unit vectors
from the KL decay vertex to the cluster centroids, the
photon energies are
E′γ i =
MK/2
γK(1− βKpˆγ i · pˆK) ,
where βK and pˆK are computed from pKL = pφ −
pKS . The KL has energy E′ = E′γ 1 + E′γ 2, and
momentum pγγ = E′γ 1 · pˆγ 1 + E′γ 2 · pˆγ 2. Fig. 3
shows the distribution of E′ and of the angle α
between pγγ and pKL , together with the results of
the Monte Carlo simulation. The data are fitted with
a linear combination of the Monte Carlo distributions
for signal and background. The fit gives the relative
normalization for the two populations.
In order to reduce background we further require:
• |E′ − µ′| < 5σ ′ where µ′ = 510.0 MeV and
σ ′ = 1.8 MeV are evaluated from a fit to the E′
distribution;
• α < 15◦.
To extract the signal we fit the invariant mass Mγγ
distribution obtained using calorimeter cluster ener-
gies with a linear combination of the Monte Carlo dis-
tributions for signal and background. The result of theTable 3
Efficiencies for the selection of KL→ γ γ events
Selection Efficiency
Trigger (99.44± 0.04)%
Filter (99.93± 0.01)%
Preselection (89.5± 0.2stat ± 0.4syst)%
|E′ −µ′|< 5σ ′ (98.5± 0.2stat ± 0.2syst)%
α < 15◦ (92.5± 0.3stat ± 0.3syst)%
Total (81.0± 0.3stat ± 0.5syst)%
fit gives the number of events for the two populations.
Fig. 4 shows the distribution of Mγγ before and after
the E′ and α cuts. From a fit to the second distribution
we find 22,185± 170KL→ γ γ events.
The efficiency of the selection cuts are evaluated
from the data using a sample of KL→ γ γ events with
high purity (S/B ∼ 103) selected by applying hard,
uncorrelated cuts on other kinematic variables [10].
The systematic error associated with the selection
cuts on (E′, α) is evaluated by moving the cuts around
the chosen values and fitting the invariant mass distri-
bution. The maximum displacement of the measured
value for the number of signal counts is ±0.2% and
±0.3% for the E′ and the α distribution, respectively.
The systematic error due to the background contami-
nation has been evaluated by changing the shape of the
background distribution used as input of the fit. The ef-
fect on the signal is 10 times smaller and produces a
systematic error of ±0.3%.
The filter and the trigger efficiencies are evaluated
as for the analysis of KL → π0π0π0 decay. The
results are "filter = (99.93± 0.01)%, "trig = (99.44±
0.04)% where the statistical and systematic errors are
combined in quadrature. The efficiencies associated
with the various analysis steps are summarized in
Table 3.
The number of events is Nγγ = 27,375 × (1 ±
0.0076stat± 0.0081syst). For the ratio we find:
R = Γ (KL → γ γ )
Γ (KL→ π0π0π0)
= (2.793± 0.022stat ± 0.024syst)× 10−3
in good agreement with the recent result from the
NA48 Collaboration Γ (KL → γ γ )/Γ (KL →
π0π0π0)= (2.81± 0.01stat ± 0.02syst)× 10−3 [4].
Using the known value for the KL → π0π0π0
branching fraction, we obtain BR(KL → γ γ ) =
68 KLOE Collaboration / Physics Letters B 566 (2003) 61–69Fig. 3. KL → γ γ selection: distributions of laboratory total energy E′ (left) and the angle α between pγγ and pKL (right). Dots are data,
shaded histogram is Monte Carlo simulation for the signal, dashed histogram is Monte Carlo simulation for background and solid line histogram
is the Monte Carlo simulation for signal and background.
Fig. 4. KL → γ γ selection: distributions of the invariant mass, Mγγ , before (left) and after (right) the E′ and α cuts. Dots are data, shaded
histogram is Monte Carlo simulation for the signal, dashed histogram is Monte Carlo simulation for background and solid line is the Monte
Carlo simulation for signal and background.(5.89± 0.07± 0.08)× 10−4, where the first error rep-
resents the statistical and systematic error on R com-
bined in quadrature and the second is due to the un-
certainty in the π0π0π0 branching fraction. A decay
width of Γ (KL → γ γ ) = (7.5 ± 0.1)× 10−12 eV is
in agreement with O(p6) predictions of ChPT pro-
vided the value of the pseudoscalar mixing angle is
close to our recent measurement of θP = (−12.9+1.9−1.6)◦
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